Abstract: Because of their wide applications in manufacturing life science and medicine, nanoparticles (NPs) are becoming potential limiting factors for agricultural plant growth and productivity. Thus, development of some low cost and low risk methods for detoxifying or alleviating cytotoxicity of NPs on crops would be a proactive attractive solution. In this study, we investigated the ameliorating effect of He-Ne laser illumination of seedlings on cytotoxicity of cadmium sulfide nanoparticles (CdSNPs) in tall fescue seedlings. Physiological parameters and biochemical characteristics of 20-d-old seedlings with different times of laser illumination and graded doses of CdSNPs treatment, either alone or in combination, were measured. Cadmiun sulfide nanoparticles exhibited pronounced inhibitory effect on shoot and root growth, respectively. Accumulation of CdSNPs in plant root cells resulted in oxidative stress as detected by the formation of reactive oxygen species (ROS), which aggravate the cytotoxicity of CdSNPs on seedlings. Treatment of seedlings with CdSNPs alone also reduced antioxidant concentration, phytochelatins (PCs) content, enzymatic activities of phytochelatin synthase (PCS), and antioxidant enzymes, such as CAT, APX, GR, and POD, except SOD. However, He-Ne laser illumination prior to CdSNPs exposure alleviated the inhibitory effect on seedling growth and development through activation of tall fescue antioxidant systems due to induction of antioxidants biosynthesis and antioxidant enzyme activities. Furthermore, PCs and GSH induced by laser was also demonstrated to be involved in decreasing the cytotoxicity of CdSNPs through binding free cadmium ions release from CdSNPs. The interactive mechanisms between He-Ne lasers, plant antioxidant systems, and PCs biosynthesis pathways need be further investigated.
Introduction
Recent progress in nanotechnology allows for the extensive applications of new nanomaterials with nanoscale properties in manufacturing life sciences and medicine. However, considerable amounts of artificial nanoparticles, including CdSNPs, are increasingly being released into the global ecosystem due to the utility of various nanoparticles in industrial and biological applications (Kirchner et al. 2005) . These NPs may become widespread in the environment and will probably be introduced into living organisms via different pathways (Kirchner et al. 2005; Ma et al. 2011) . The majority of phytotoxic NPs introduced into a living organism, particularly agricultural plants, will interfere with its biochemical function, and finally lead to physiological impairmentat different levels of cells and molecules .
Currently, CdSNPs are one of the most frequently used NPs and thier cytotoxicity on crops and other plants is of increasing concern due to its small size and the inherently toxic elements of the NPs' cadmium core. The cytotoxic effects of free cadmium ions (Cd 2+ ) on organisms are well known (Qiu et al. 2013; Zhang et al. 2016 ). CdSNPs inside a living organism releases free Cd 2+ into cells under an oxidative environment or UV-light radiation ( Fig. 1 ). Due to their enhanced surface-to-volume ratio, there is the generation of excessive amounts of reactive oxygen species (ROS) productions, the disruption of DNA replication, and the displacement of Zn 2+ in Zn finger protein structures . Additionally, the cytotoxic effect of CdSNPs was reported to be closely associated with their size, concentration and the duration of exposure. These findings demonstrated the cytotoxic effects of CdSNPs on antioxidant systems, genomic DNA replication and gene expression in crops ). Thus, a relevant physical model, such as He-Ne laser irradiation, for detoxifying or reducing cytotoxicity of CdSNPs on living organisms probably need be established.
The low power He-Ne visible wavelength laser, commonly employed in crops and many agricultural plants in experimental conditions, plays a positive role in accelerating plant growth and metabolism (Qiu et al. 2008 (Qiu et al. , 2010 (Qiu et al. , 2013 Perveen et al. 2011; Gao et al. 2015) , and also protects plant seedlings against biotic and abiotic damage induced by a variety of unfavorable environmental stressors, like fungal infection (Han et al. 2006; Dong et al. 2007 ), enhanced UV-B radiation (Qi et al. 2002; Chen 2008; Yang et al. 2012a ), chilling stress (Chen et al. 2010) , osmotic stress (Qiu et al. 2010) , drought stress (Qiu et al. 2008) , and cadmium stress (Qiu et al. 2013) . However, the use of He-Ne laser radiation as a protective method against the cytotoxic effects of NPs on living organisms, in particular agricultural plants, has not been extensively studied. He-Ne laser radiation effects on seed germination rates, seedling growth, biomass, and photosynthetic pigment content are largely unknown. Thus, studies are needed to understand the interactions of CdSNPs, metal ion release, plants, and He-Ne laser irradiation, to explore whether the cytotoxic effects of CdSNPs can be ameliorated by laser irradiation. In preliminary studies, the cytotoxicity of CdSNPs on plants could be overcome through traditional chemical methods of surface coating of NP technology, but surface ligands were not successful in biological and medical applications due to the complex nature of biocompatibility (Kirchner et al. 2005) . Therefore, development of some physical methods like laser irradiation would be imperative.
Tall fescue (Festuca arundinacea Schreb.) is the predominant, perennial, open-pollinated, cool-season turf and forage grass species grown or planted under diverse environmental conditions (Dong et al. 2007; Xu et al. 2010 Xu et al. , 2013 . It is widely used for general purpose turf and low-maintenance grass cover, and plays an important role in environmental protection and livestock production in China (Wang and Ge 2005; Ma et al. 2014) . Accordingly, increased tolerance to unfavorable environmental conditions such as drought, high soil salinity, extreme temperature, ultraviolet-B radiation, high light, air pollution, heavy metals, NPs or some combination of these conditions appears indispensable for tall fescue growth and development (Yang et al. 2012b; Zsigmond et al. 2012; Qiu et al. 2013; Gao et al. 2015; Hu et al. 2015; Gao et al. 2016) .
The primary objective of this investigation was to explore any attenuation effects of He-Ne laser illumination of seedlings on the cytotoxicity of CdSNPs in tall fescue seedlings at the early growth stages.
Materials and Methods

Preparation and structural characterization of CdSNPs
CdSNPs were synthesized and prepared according to the methods of Majia et al. (2012) . CdSNPs were characterized with a scanning electron microscope (SEM, JEM-2100, Japan), and an the x-ray powder diffraction (XRD) pattern was collected by an x-ray diffractometer (Gemini E, USA). Its luminescence spectrum was recorded between 350 and 600 nm using 315 nm as the excitation wavelength with fluorescence spectroscopy (Cary Eclipse, USA), and a fourier transform infrared spectrometer (FTIR, Varian 660-IR, USA) was used for the infrared absorption spectra.
Plant materials culture and treatment
Mature seeds of tall fescue (Festuca arundinacea Schreb. Houndog5) were surface sterilized with 6% sodium hypochlorite supplemented with 0.1% Tween-20 for 30 min and rinsed with distilled water three times. The seeds were cultured at a plant incubator (PGX-250B, AC 220V/ 50HZ, 600W, Shanghai Fuma Laboratory Instrument Co., Ltd.) for 7 d under darkness, at 25 ± 2°C and 70% relative humidity. After germination, seedlings were transplanted into black plastic containers containing a suitable volume of Hoagland's nutrient solution (Xu et al. 2010; Gao et al. 2016) . Each container contained thirty seedlings and the nutrient solution was renewed once a week.
After 10 d of culture, seedlings were stressed with different concentrations of CdSNPs of 50, 100, 150, 200, and 300 mM for 3 d, or illuminated with a He-Ne laser for 7 d prior to CdSNPs exposure. The He-Ne laser was obtained with the He-Ne laser generator (wavelength λ = 632.8 nm, flux rate 5 mW·mm −2 (Supplemental materials Figs. 1 and 2), initial beam diameter 2 mm, and final beam diameter 100 mm via amplifier, made by Nanjing Laser Instrument Factory, Nanjing City, China). To gain better insight into the role of He-Ne laser radiation in protection of plants against the toxicity effect of CdSNPs exposure, different times of He-Ne laser treatment alone was also applied in tall fescue seedlings, and the duration of irradiation was 2, 4, 8, 16, and 32 min d −1 (06:00-06:30 a.m.), respectively. HeNe laser illumination was carried out in a dark chamber to prevent the influence of stray light, then seedlings were transferred into the plant incubator and cultured under light. At the same time, control seedlings were cultured in Hoagland's nutrient solution and not treated with any stresses or treatments, at 24°C, a relative humidity of 70%, a photoperiod 16/8 h day/night cycle, and photosynthetic photo flux density (PPFD) of 100 μmol·m −2 ·s −1 . After 3 d of CdSNPs-stress treatment, 20 d-old tall fescue seedlings were harvested for further analysis.
Plant growth parameters measurement
Three days after CdSNPs exposure, a total of 50 seedlings chosen randomly from each treatment were measured and the values of seedlings height, root length, fresh weight, and dry weight were recorded. Fresh weight was measured after just detaching the leaves from tall fescue seedlings. Dry weight was determined after drying the leaves at 80°C in an oven for 48 h. Plant height was examined with 20 d-old seedlings from the base of the stem to the tip of the topmost fully expanded leaf of the plants using a meter stick.
ROS productions and photosynthetic pigment contents determination
Hydrogen peroxide contents were determined by peroxidase-coupled assay according to the method of Zhao et al. (2008) . Superoxide radical contents were measured by the slightly modified method according to Xu et al. (2010) . Leaves of tall fescue (0.1 g) were homogenized with the appropriate volume of 65 mM phosphate buffer (pH 7.8), centrifuged at 10000g for 10 min. The whole supernatant was mixed with 1.5 mL of 60 mM phosphate buffer (pH 7.8) and 0.5 mL of 1 mM hydroxylamine hydrochloride. The mixture was incubated in 25°C for 20 min and subsequently incubated with 2 mL of 17 mM 4-aminobenzene sulfonic acid and 2 mL of 7 mM α-naphthylamine at 30°C for 30 min. The absorbance of the final solution was measured at 530 nm. The superoxide radical content was calculated based on the standard curve.
Extraction and detection of chlorophyll and carotenoid contents were performed by the method of Lee (2000) .
CdSNPs distribution and Cd 2+ accumulation in plant tissue
CdSNPs distribution and accumulation pattern was monitored in roots and leaves tissues of plant seedlings under UV light and taken pictures with the digital camera (Model Nikon D60, Japan). Intracellular Cd 2+ concentrations in leaves and roots of seedlings were analyzed by atomic absorption spectrometer (AAS, S2, USA, Thermo) (Ma et al. 2014) . The oven-dried leaves and roots (5.0 g respectively, in an oven at 80°C) were collected, and then digested with HNO 3 overnight prior to further determination.
Antioxidant assay
Extracts for glutathione (GSH) concentration measurement were prepared from fresh leaves (0.5 g) homogenized under ice-cold conditions in 3 mL extraction buffer consisting of 5% sulphosalycilic acid (pH 2.0) and 1 g polyvinylpyrrolidone (PVP). After centrifugation at 15000g for 15 min at 4°C, the supernatants added 2.0 mL phosphate buffer (pH 7.7) and 0.5 mL 4 mM 5,5′-dithiobis-(2-nitrobenzoic acid) (DTNB) was used for the following analysis. After incubation for 10 min at 25°C, the absorbance was read at 412 nm. GSH concentration Fig. 1 . Proposed mechanism of surface oxidation leads to release of free cadmium ions from nanoparticles via either oxidative environment-mediated or UV-catalyzed surface oxidation.
was calculated according to the standard curve (Anderson 1985) .
Leaves (1.0 g) frozen in liquid nitrogen were homogenized under ice-cold conditions in a 5 mL 50 mM phosphate buffer (pH 7.8) containing 1 mM EDTA, 1 mM ascorbic acid, 1 mM DTT, and 2% PVP. The homogenates were centrifuged at 12000g for 20 min at 4°C and the supernatant fraction was used for the enzymes activities assays, including ascorbate peroxidase (APX) (Nakano and Asada 1981) , superoxide dismutase (SOD) (Rao and Sresty 2000) , peroxidase (POD) (Zhang and Kirham 1994) , catalase (CAT) (Zhang and Kirham 1994) , and glutathione reductase (GR) (Schaedle and Bassham 1977) .
Phytochelatins concentration and phytochelatin synthase activity detection
Leaves and roots of tall fescue seedlings were placed in microtubes (1.5 mL, Eppendorf) containing 1 mL of 0.12M HCl and 5 mM diethylenetriaminepentaacetic acid (DTPA) in order to minimize oxidation of the thiols (Abboud and Wilkinson 2013) . Phytocheltins were extracted by the modified method according to Abboud and Wilkinson (2013) with sonicating the cells (4°C, 5 min) after being fully homogenized with a mortar at 4°C, followed by centrifugation (13000g, 20 min, 4°C) to remove cell debris and other impurities. The pH of the supernatant was adjusted to pH 8-9 in order to deprotonate the thiol groups. Sample pH was adjusted and buffered by adding 200 mM HEPES/5 mM DTPA and Tri (2-carboxyethyl) phosphine (TCEP). After 15 min in the dark, 10 μL of 100 mM mBrB (fluorescent reagent, Sigma) were added to the mixture and the reactions were stabilized by adding 100 μL of 1 M methanesulfonic acid (MSA, Sigma). The derivatized samples were filtered using 0.2 μM nylon syringe filters (Microliter Analytical Supplies, GA, USA) and then stored at 4°C until further analysis by HPLC.
The protocol for determination of phytochelatins content and phytochelatin synthase activity was adopted from Kawakami et al. (2006) using high performance liquid chromatography (LC-2010A, Japan) coupled with fluorescence detection and equipped with a pump, degasser, autosampler, a sample loop, and a fluorescence detector (Model RF-10xl) operating with an 380 nm excitation wavelength and an emission wavelength of 470 nm. The detector and column were kept at 30°C. Solvent A consisted of diluted tallow fatty acid (TFA) (0.1% v/v), and solvent B consisted of acetonitrile. The gradient profile was 0-20 min, 10%-25% B; 20-25 min, 25%-100% B; 25-30 min, 100% B; 30-35 min, 100%-10% B; 35-45 min, 10% B (re-equilibration). Flow rate was held constant at 1.0 mL min −1 . 
Statistical analysis
Values from five replicates were expressed as means ± SD (standard deviation), and analyzed by the software of SPSS v17.02. The data in the figures or tables were considered significant difference at P < 0.05 according to Dunca's multiple range test.
Results and Discussion
Characterization of CdSNPs
The shape and size of CdSNPs suspended in stock solution was examined by scanning electron microscopy (SEM). The majorities of CdSNPs were acicular in shape and clustered typically in the 20-22 nm range (Fig. 2a) . The SEM images illustrated showed the rod-like morphology with average diameter and length of 5 nm and 70 nm of CdS. X-ray diffraction spectra scanned over the 2 theta (ϑ) range of 10°-80°showed a pure hexagonal crystal structure of CdSNPs, and the powder XRD pattern had eight obvious characteristic diffraction peak (100), (002), (101), (102), (110), (103), (112), and (201) (Fig. 2b) . The average particle sizes obtained from the SEM measurements are in good agreement with the results obtained from XRD measurements. Fluorescence emission spectra collected with fluorescent spectrometry exhibited narrow fluorescence emission (Fig. 2c) . Fourier infrared spectra had no appearance of other interfering peaks, suggesting that high purity of CdSNPs (3421, 1622, 1395, 1122 , and 618 cm −1 ; five characteristic absorption bands) was synthesized (Fig. 2d) . These results demonstrated that almost 99.5% of CdSNPs were successfully synthesized for the subsequent experiments.
Growth parameters of tall fescue seedlings
Treatment of seedlings with different concentrations of CdSNPs resulted in significant reductions in plant height, root length, biomass, and increased lipid peroxidation as measured by MDA contents compared with controls (CK) (Fig. 3) . The CdSNPs 150 mM concentration was a semi-lethal exposure dose for seedlings growth and selected for further analysis when taking into account physiological parameters values (such as plant height, root length, and biomass reduced by 80% and MDA relative contents increased almost five times compared with CK group). Treatments of seedlings with different times of He-Ne laser exposure led to improved plant growth and development, as indicated by the above parameters (Fig. 4) . The 16 min d −1 of He-Ne laser for 7 d was selected for the subsequent experiments as it is the most effective treatment for accelerating the growth of seedlings. In the subsequent experiments, we found that illumination with 16 min d −1 of laser prior to CdSNPs exposure alleviated the inhibitory effects on plant growth and development (Fig. 5) .
CdSNPs distribution and free Cd 2+ accumulation
Distribution of CdSNPs was examined in root and leaf cells of tall fescue seedlings under UV-light radiation (Figs. 6a-6c) . No fluorescence signal was detected in root tissues of the controls and the laser alone group, or in (Fig. 6b) , suggesting that He-Ne laser irradiation might inhibit the invasion of nanoparticles into plant root tissues.
In order to test the correlation between the cytotoxicity of CdSNPs and free Cd ions release, free Cd 2+ accumulation was further measured in roots and leaves of seedlings with an atomic absorption spectrometer (AAS, S2, USA, Thermo). Cd 2+ concentration both in roots and leaves of seedlings under CdSNPs exposure alone increased, suggesting a higher level of Cd 2+ accumulated in seedlings exposed to CdSNPs (Fig. 6d) . In addition, we also found that Cd 2+ accumulation was higher in roots than in leaves of seedlings under CdSNPs exposure conditions. We assumed that this was most likely because of the direct contact exposure of roots to CdSNPs suspensions. This result was in agreement with observations of Chen et al. who reported that treatment of wheat seedlings with CdTe-QDs resulted in a higher Cd ions accumulation in roots than in shoots. These data suggest that CdSNPs are not readily transported to leaves (Fig. 6c) .
Thus, free Cd 2+ released from CdSNPs in root cells could be transferred to leaf cells and cause toxic effects on leaf development.
Photosynthetic pigment content and ROS productions
The toxicity effect of CdSNPs on plants usually damages chloroplasts, as indicated by photosynthetic pigment biosynthesis capacity. CdSNPs exposure caused a reduction both in chla/b and carotenoid contents compared with control plants, suggesting severe injury induced by CdSNPs in the chloroplast of plants (Fig. 7a) . The cytotoxicity of CdSNPs has also shown to be associated with the generation of intracellular ROS productions. Thus, we also further examined H 2 O 2 levels and O 2
• − generation rate in seedlings. The results showed that there was a pronounced increase in H 2 O 2 levels and O 2
• − concentrations in roots and leaves treated with CdSNPs alone (Fig. 7) . However, the levels of H 2 O 2 and O 2
• − were higher in roots than in leaves. We supposed that this phenomenon was also due to the direct contact exposure of roots to CdSNPs, which resulted in the higher concentration of free Cd 2+ accumulation in roots than in leaves. Then, higher levels of H 2 O 2 levels and O 2
• − concentration sand lower photosynthetic pigment content caused by CdSNPs illustrated the deleterious effects of CdSNPs exposure on tall fescue seedlings. Illumination with a He-Ne laser prior to CdSNPs exposure markedly increased chla/b and carotenoid contents, decreased the formation of ROS production (Figs. 7b, 7c ) compared to CdSNPs exposure alone. Therefore, we assumed that He-Ne laser irradiation can ameliorate the cytotoxicity effect of CdSNPs exposure on tall fescue seedlings due to the reduction of oxidative stress induced by Cd-associated ROS production in cells.
Plant antioxidant systems
In higher plants, the mitochondria and chloroplast are two primary sites of acute injury due to Cd exposure, and even low levels of cadmium ions are known to reduce the viability of organelles due to the excessive amounts of ROS generation. Cadmium ion binding to sulfhydryl groups of critical mitochondrial proteins is thought to be the mechanism of cell injury in animal cells. In plants, the reduced glutathione (GSH) transformed from oxidized form of glutathione (GSSG) catalyzed by glutathione reductase (GR) and dehydroascorbate reductase (DHAR) can bind to free Cd 2+ , forming Cd(GSH) 2 and leading to the decrease of Cd 2+ toxicity. Plants have evolved a highly complex antioxidant defense system to protect against oxidative stress induced by a variety of environmental stressors including CdSNPs exposure, such as low molecular weight antioxidants [ascorbate acid (AsA), reduced glutathione (GSH), carotenoids, α-tocopherol, and flavonoids], and antioxidant enzymes [superoxide dismutase (SOD: EC 1.15.1.1), catalase (CAT: EC 1.11.1.6), peroxidase (POD: EC 1.11.1.7), ascorbate peroxidase (APX: EC 1.11.1.11), and NADPH-dependent GSSG reductase (GR: EC 1.6.4.2)] (Sun et al. 2007; Gao et al. 2015) . SOD can convert O 2
• − generated from mitchondria, chloroplasts, endoplasmic reticulum, and other organelles into H 2 O 2 , and then H 2 O 2 is transformed into H 2 O and O 2 by CAT and APX, etc. Thus, the toxicity of excessive amount of ROS on cells will be avoided. Glutathione reductase can also participate in the formation of reduced glutathione (GSH) from oxidative glutathione (GSSG) and NADPH. GSH can bind free Cd 2+ , forming Cd(GSH) 2 and leading to the reduction of CdSNPs cytotoxicity.
In this study, antioxidant enzyme activities were detected in plants with different treatments (Figs. 8a-8e) . CdSNPs exposure significantly inhibited enzymatic activities of POD, APX, CAT, and GR, but increased SOD activities. The increment of SOD activities implied that seedlings antioxidant machinery might effectively struggle against CdSNPs exposure. However, He-Ne laser illumination can further increase enzymatic activities of SOD, POD, APX, CAT, and GR, suggesting that He-Ne laser irradiation ameliorated the cytotoxicity effect of CdSNPs exposure through maintaining the higher levels of antioxidant enzymes activities.
We also observed that GSH content decreased due to CdSNPs exposure (Fig. 8f) , while it increased in seedlings with He-Ne laser illumination prior to CdSNPs exposure. Thus, GSH induced by the laser would bind to Cd 2+ releasing from CdSNPs and lead to the reduction of CdSNPs toxicity.
Phytochelatin synthase activity and phytochelatins concentration measurement Phytochelatins (PCs) are metal-binding, low weight thiol rich peptides, enzymatically synthesized by γ-Glu-Cys dipeptidyl transpeptidase (EC.2.3.2.15), called phytochelatin synthase (PCS), in enkaryotes upon exposure to excessive amounts of several metals (Ondrej et al. 2011; Natasa et al. 2014) . Their main structure is (γ-Glu-Cys) n -Gly (n = 2-11)) (Abboud and Wilkinson 2013) . PCs are considered to be a good bio-indicator of metal stress, which also can detoxify the cytotoxicity of metal ions (Brullea et al. 2008; Figueroa et al. 2008) , including Cd 2+ , due to binding Cd via -SH groups of cysteine units to form PC-Cd-S, and consequently transport them to vacuole for safe storage (Natasa et al. 2014) (Fig. 9) . Finally, the cytotoxicity effects of CdSNPs on cells were significantly reduced due to the reduction of free Cd 2+ levels release from CdSNPs in the cytoplasm and the decrease of ROS productions induced by Cd 2+ . Some researchers reported that organisms with impaired PCs or PC synthase (or PC synthase gene knock-out mutants) would suffer from metal-induced cellular stress, as well as an impaired developmental and reproductive capacity (Mohamed et al. 2012; Ogawa et al. 2011 ). This suggests that the primary role of PCs may be the protection from metal toxicity and its mechanism has been proposed by Hughes et al. (2009) . The underlying homeostatic and detoxification mechanisms of PCs have not been studied in fine detail. Thus, in our study, the total of PCs concentrations and PC synthase activities of tall fescue seedlings under different treatments were also determined in order to further test if PCs are involved in the detoxification effects of a He-Ne laser on CdSNPs cytotoxicity.
Our data illustrated that CdSNPs exposure significantly increased PCs contents and PC synthase activities compared with controls under normal conditions (Fig. 10) . This result was supported by several studies. Hughes et al. (2009) and Ma et al. (2009) found that the expression of PCs is induced in nematodes exposed to excess metal ions, such as Cd 2+ or Zn 2+ , thereby preventing metal accumulation and cytotoxic damage. In our study, the induction of PCs and PC synthase by CdSNPs Fig. 9 . Schematic for the detoxification mechanism on toxicity effects of heavy metal ions, including cadmium ions in plant cells. The intensive use of sewage sludge, mining, wastewater irrigation and the rapid development of industries has resulted in a large accumulation of these heavy metal ions in soils. Cadmium ions enter a plant cell, where Cd 2+ triggers a series of protective mechanisms, such as antioxidant defense system, synthesis of phytochelatins. Glutathione (GSH) serves as a precursor of these peptides, which are composed of two or more repeating γ-Glu-Cys units with a terminal glycine residue. Phytochelatin synthase, a constitutive enzyme that is activated by cadmium or other metal ions, is responsible for the synthesis of phytochelatins (PC 2 , PC 3 , PC 4 , : : : : : : , PC n ).
may also be one of strategies for plant stress response. But the toxicity effects of CdSNPs on seedlings was not still decreased due to the excessive amount of generation of free reactive oxygen species (ROS), which far exceeds the detoxification capacity of PCs, despite PCs concentrations and PC synthase activity being markedly activated. However, He-Ne laser illumination increased PCs content and PC synthase activity. Thus, the majority of free Cd 2+ was bound to PCs and stored in vacuole by PC-Cd or PC-Cd-S forms, which prevents toxicity. GSH also binds to Cd 2+ from CdSNPs, forming Cd(GSH) 2 according to the result of Fig. 9f . Finally, the cytotoxicity of CdSNPs was pronouncedly reduced or alleviated by He-Ne laser illumination via decreasing the levels of free Cd 2+ from CdSNPs.
Conclusions
Taken together, this study demonstrated that low power visible-wavelength He-Ne laser illumination significantly ameliorated the cytotoxicity effects of higher concentrations of CdSNPs exposure on tall fescue seedlings through activating plant antioxidant systems and PCs biosynthesis processes. The primary objective of our study was aimed to explore the link between CdSNPs exposure, metal ion release, and ROS activity, and to establish whether the toxic effects are attenuated by He-Ne laser irradiation via the induction of antioxidant defense systems and PCs concentrations. Therefore, in vitro studies are necessary for developing this technology into an agricultural practice through illuminating seeds or seedlings prior to being sowed in the field. However, the detailed mechanism of interactive correlations between He-Ne laser irradiation and PCs biosynthesis pathways or some respective antioxidant enzyme genes (e.g., SOD, POD, APX, CAT, GR) expression pattern, as well as how long the effects of laser irradiation last, are unknown and need be further investigated in the future. 
